Abstract. Porous hexagonal plates of hydrohausmannite were prepared by a simple hydrothermal method. Morphology control of the product was easily achieved by adjusting the experimental parameters. The selected area electron diffraction (SAED) patterns show obvious evidence that these hexagonal plates were formed by oriented aggregation-based growth of subunits, which is discussed in details. Intriguing well-shaped hexagonal pores were obtained when the hexagonal plates were exposed to high intensity electron beam irradiation. These hexagonal plates of manganese oxide may have wide applications as components and/or interconnect in nanodevices and/or as nanotools.
Introduction
Recently, manganese oxides [1] (MO) materials have been widely investigated for their wide potential applications in catalyst [2] , sensors [3] , ion-exchangers [4] , sorbents [5] , supercapacitors [6] and secondary batteries [7] . Hydrohausmannite which was deemed as one single phase is actually a mixture of β-MnOOH and γ-Mn 3 O 4 , as pointed out by Feitknecht [8] . Typical morphology of hydrohausmannite includes hexagonal plates and particles. However, to the best of our knowledge, the porous nature and the growth mechanism of the hexagonal plate were not previously reported yet. The hexagonal plates are actually porous according to our work. In addition, hexagonal plates and particles were generally recognized as β-MnOOH and γ-Mn 3 O 4 respectively [9] . However, our results show that it is not exactly the case. β-MnOOH and γ-Mn 3 O 4 exist in both morphologies of hydrohausmannite, which will be discussed later in this paper. Morphology control of hydrohausmannite by adjusting experimental parameters to obtain particles, mixture of particles and hexagonal plates, and single hexagonal plates is also very important to their applications, and urgently needs to be studied.
Here, we prepared hydrohausmannite hexagonal plates with controlled morphologies, using a simple hydrothermal method without the assistance of any templates. The porous nature of the hexagonal plates was revealed and their growth mechanism was oriented aggregation-based growth judging from their SAED patterns. Moreover, the formation of hexagonal pores in these hexagonal plates was observed when they were exposed to high intensity electron beam irradiation. The mass ratio of different components was also analyzed by thermogravimetric analysis (TGA). 4 was dissolved in deionized water with total volume of the solution 30 mL under magnetic stirring, and 100 mg NaOH were then added to the solution. After they were homogeneously mixed, 100 mg glucose was added. After stirred for 3 min, the solution was transferred into a Teflon (PTFE)-lined autoclave with a capacity of 43.5 mL, tightly sealed and oven-heated at 100℃, 125℃, 150℃, 175℃ and 200℃ for 72 h, respectively. Then cool down to room temperature naturally. The precipitate was centrifuged and repeatedly rinsed with deionized water and pure ethanol for three times, then dried at 60℃ for 10 h to obtain the final product. The corresponding samples are named as A100, A125, A150, A175 and A200, respectively. Another sample named as B150 was prepared using 200 mg glucose and 200 mg NaOH at 150℃, with other experimental parameters unchanged.
Experimental

mg KMnO
The powder samples were characterized by X-ray diffraction (XRD) on a Philips X' Pert Pro. Diffractometer using Cu kα 1 irradiation (λ=1.54056 Å). Transmission electron microscopy (TEM) and SAED were carried out on a Hitachi H-600 transmission electron microscopy operated at 100kV. Field emission scanning electron microscopy (FESEM) observation was performed on a JSM-6701F field emission scanning electron microscopy and a Hitachi S-4800 FESEM. TGA was carried out (TG/DTA 6300) in nitrogen to 800℃ with nitrogen flow rate of 20 ml/min and a heating rate of 10℃/min.
Results and Discussion
Sample A125 ( Fig. 1 (a) -(d)) and A200 ( Fig. 1 (e) -(h)) are composed of particles and hexagonal plates with lateral dimension of about several microns and thickness of about 30~100nm. The plates of sample A125 are not well shaped. Plates in sample A200 are quite regular and intact and the surface of the pates is smoother. TEM images ( Fig. 1 (d) & (h)) clearly exhibit the aggregation based growth and the porous nature of the plates. Sample A100 is composed of small particles of about 5nm (not shown) like the small particles in Fig. 1 (d) . With reaction temperature increasing, the quality of the hexagonal plates becomes better and the particle size becomes bigger. Fig. 1 (c) & (g) show the spiral growth of the plates. Sample B150 (Fig. (i) -(l) ) has uniform morphology of hexagonal plates with empty central region and the plates are porous with pores of about 10 nm. FESEM and TEM images of the sample A125, A200 and B150, respectively.
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Applied Science, Materials Science and Information Technologies in Industry Fig. 2 shows the XRD patterns of the samples prepared at different temperatures. All peaks of the patterns can be well indexed to feitknechtite (β-MnOOH, JCPDS No. 18-0804) and hausmannite (γ-Mn 3 O 4 , JCPDS No. 80-0382), which are previously recognized as one phase hydrohausmannite [8] . S. L. Suib et al [10, 11] reported that β-MnOOH was a layered manganese oxyhydroxide which was free of interlayer cations. Wth temperature increasing, the mass ratio of β-MnOOH is increasing. The XRD pattern of sample B150 (not shown) is similar to that of sample A200.
It is reported that β-MnOOH had hexagonal plate-like morphology and Mn 3 O 4 were small particles [9] in hydrohausmannite, so they could be easily recognized by different morphologies. This point seems to be commonly accepted. However, Feng et al [12] showed that the SAED pattern of the particles could be indexed to the mixture of them rather than γ-Mn 3 O 4 only. Ren et al [13] obtained the SAED pattern taken from hexagonal plate which is identical with ours ( Fig. 3  (a)-(c) ), but they did not assign the diffraction spots. We found that only several spots could be indexed to β-MnOOH and the rest belonged to γ-Mn 3 O 4 . Actually, we have never seen a SAED pattern with all its spots be indexed to β-MnOOH. SAED patterns taken from the sample of simplex plate-like morphology (Fig. 3 (d)-(f) ) show that the hexagonal plate also contains β-MnOOH and γ-Mn 3 O 4 . Therefore, we suggest that γ-Mn 3 O 4 and β-MnOOH in hydrohausmannite cannot be simply recognized by morphology.
To the best of our knowledge, the growth mechanism of hydrohausmannite hexagonal plates was not previously reported. The SAED patterns in Fig. 3 show obvious evidence that the hexagonal plates are formed by oriented aggregation-based growth. Fig. 3 (d)-(f) show the SAED pattern of sample B150 and here we take the diffraction spots assigned to F (441) and H (312) for example to elucidate its growth process. Although they were taken from different plates in one sample, they can surely represent the growth stages of the samples at different temperatures. In the initial stage ( Fig.  3 (d) ), the diffraction rings of F (441) and H (312) are roughly divided into six arcs, which indicates the subunits (particles) are loosely organized. With the growth process going on, the interactions among these loosely organized subunits make them rotate to share parallel directions and thus to minimize interfacial energy. Therefore, some diffraction rings and arcs become weaker or even disappear, while the F (441) diffraction arcs are intensified and the diffraction arcs of H (312) become much shorter (Fig. 3 (e) ). At last, the lowest interfacial energy is achieved. Fig. 3 (f) shows the diffraction pattern stands for the terminal stage. Almost all orientations are highly organized and the diffraction pattern seems to be taken from single crystal.
The elongated spots in both sets of diffraction patterns indicate the existence of small angle crystal boundaries in these samples. Similar kind of diffraction spots were also recently found in CuO 3D architectures formed by oriented aggregation-based growth of CuO particles [14] and ZnO microtubule obtained by oriented attachment of ZnO nanoplatelets [15] .
We noticed that well-shaped hexagonal pores could be obtained in TEM observation when the intensity of electron beam is too high. Fig. 4 (a) shows that every angle of the hexagonal pore is 120°. Furthermore, the three couples of opposite sides of every hexagonal pore are found to be 
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parallel to the three axes a, b, and c. This indicates that the orientations of the pore sides are perfectly ordered. Plenty of small particles are found in Fig. 4 (a) , which was formed when the original structure collapsed under electron beam irradiation. When the original structure collapsed, some particles were sputtered away and the rest of them melted immediately to form hexagonal pores. These hexagonal pores grew bigger quickly from tens of nanometers to several microns under electron beam irradiation. This means the size of the hexagonal pores can be continuously adjusted by the duration of irradiation. These hexagonal pores grew bigger quickly from tens of nanometers to several microns under electron beam irradiation. Obviously, the diffraction rings in Fig. 4 (b) come from the diffraction of the small particles, and the diffraction spots were caused by the single crystalline porous γ-Mn 3 O 4 nanosheet.
TGA of the sample A200 (Fig. 5) 
Conclusions
Porous hydrohuasmannite hexagonal plates were prepared by a simple hydrothermal method. The morphology of the product can be easily controlled by adjusting the experimental parameters. SAED patterns show that the hexagonal plates were formed via oriented aggregation-based growth. The β-MnOOH and γ-Mn 3 O 4 phases cannot be simply recognized by different morphologies in hydrohausmannite. Fascinating well shaped hexagonal pores in γ-Mn 3 O 4 nanosheet could be obtained by high intensity electron beam irradiation and the pore size can be continuously adjusted from tens of nanometers to several microns. These hexagonal plates of manganese oxide may have wide applications as components and/or interconnect in nanodevices and/or as nanotools.
